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The dissertation presents three new 
methods to deal with certain limitations 
occurred during the antenna measurement 
processes. First, a new technique using the 
Chebyshev polynomials has been proposed 
to process the antenna measurements 
obtained in non-anechoic sites to obtain 
equivalent free space radiation patterns. 
Second, a new antenna pattern retrieval 
method from reﬂection coefﬁcient 
measurements is proposed. Third, a new 
technique is presented to realize a wideband 
hologram compact antenna test range by 
linearly adjusting the feed location. 
The dissertation also discusses 
characterization of quasi-optics, i.e. MEMS-
based high-impedance surface (HIS) and 
reﬂectarray elements. First, the reﬂection 
properties of the unit cell structure of 
MEMS-based HIS is studied, and beam 
steering of a large structure at 80 GHz has 
been demonstrated with a simpliﬁed model. 
Second, the design and optimization process 
of reconﬁgurable reﬂectarray element 
integrated with MEMS-based phase shifter 
at 120 GHz is studied. 
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steering of a large structure at 80 GHz has been demonstrated with a simpliﬁed model. The 
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1. Introduction 
1.1 Background, Motivation and Objectives 
 
The antenna is an electrical device (usually a metallic structure) with the 
function of transforming guided electromagnetic signals into electromagnetic 
waves propagating in free space. Typically, the antenna can be used as either a 
receiving or transmitting component. The antenna may also include additional 
reflective elements or surfaces to direct the radio waves into a beam or other 
desired radiation pattern [1].  
Millimeter and sub-millimeter wave antennas have recently become 
available even for relatively low-cost applications due to advances in 
lithographic techniques. Recent development of RF MEMS 
(microelectromechanical systems) has also enabled tunable and reconfigurable 
mm/submm-wave antennas [2]. Use of such antennas are proposed for 
various applications, e. g. automotive radar in 79 GHz band (77-81 GHz) in 
European Union (EU) for the advantage of compact size, decreased weight and 
small emission power needed [3], and the electrically controlled 
reconfigurable reflectarray for millimeter-wave identification and radar 
application [4], [5], etc. Several collaborative projects have been devoted to the 
research of the aforementioned purposes also in Finland. An EU Seventh 
Framework Programme (FP7) project TUMESA (MEMS tunable 
metamaterials for smart wireless applications) was carried out during 2008-
2011. The main objective was to develop novel on-chip phase shifting and 
beam steering devices based on MEMS tunable high-impedance surfaces (HIS) 
[7], [8]. A NORDITE ICT project for automotive radar at 77 GHz in 2006-2010 
focused on the utilization of RF MEMS technology for automotive radar 
sensors. A project funded by Tekes focusing on silicon based millimeter wave 
identification (MMID) system for imaging, sensing, and wireless 
communication applications (SIMIDS) was carried out during 2010-2013 
between Aalto University and VTT (Technical Research Centre of Finland). 
Introduction 
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Some quasi-optical components, e.g. MEMS-based HIS structure and 
reflectarray elements are crucial in these projects. Therefore, numerical and 
experimental characterizations of these components are a necessary and 
unavoidable step. In addition to the contribution in this dissertation [I]-[III], 
some researches are reported in [4]-[12],  
Traditionally the antenna is measured in far-field or near-field, or in a 
compact antenna test range (CATR). In principle, any antenna could be 
successfully measured using the aforementioned methods with proper 
implementation. However, the options of choosing one method over the other 
depend on the surrounding environment, cost of facilities, electrical 
dimensions of the antenna, etc. Furthermore, each measurement technique 
has certain advantages and limitations. The main research interests of this 
dissertation are to solve to following issues [IV]-[VII], [13], [14]: 
¾ In the far-field technique, a reference antenna is placed in the far-field of 
the antenna under test (AUT). The transmission between the AUT and the 
reference antenna is then recorded at different rotations of the AUT. The 
measurement is typically performed in an anechoic chamber to avoid 
reflections. The purpose of employing an anechoic chamber is to eliminate 
the reflected field components emanating from the measurement 
enclosures so that the measured radiation pattern corresponds to the case 
when similar data can be generated for the antenna in free space 
conditions. Several mature signal processing methodologies have been 
applied to further improve the quality of the data measured in moderately 
good anechoic conditions [15]-[17]. However due to practical and monetary 
constraints it is not always possible to emulate a perfect anechoic 
environment. The objective is to further study the methods that may 
eliminate the undesired reflections measured in non-anechoic conditions 
through processing of the measured data [IV].  
¾ In the CATR technique, a nearly planar wavefront representing far-field 
conditions is generated with a collimating element in a very short distance 
compared to the generally known far-field limit of 2D2/O. The collimating 
element can be a reflector or a lens. At higher frequencies, manufacturing 
of a hologram is easier than that of a reflector or lens surfaces because of 
the two-dimensional planar structure and the surface accuracy 
requirement. Consequently, a hologram CATR is very attractive for 
antenna measurement at mm/submm-wave bands [18]-[26]. However, as 
a frequency sensitive element, the operating bandwidth is usually limited 
Introduction 
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to r 5%-10% [26]. One objective of the dissertation is to develop a 
technique to realize a wide band hologram-based CATR [VII].  
¾ In any of the aforementioned methods, antennas are connected to the 
measurement equipment with cables that, when moved or rotated, easily 
change their properties, such as the electrical length. At high frequencies, 
even a small relative change in the geometry or dimensions of the cable 
may cause a huge phase change to the transmitted signal, as the cable can 
be electrically very long. The objective is then to develop a method for 
antenna measurement avoiding flexing cables and antenna movements [V], 
[VI].  
1.2 Contents of the Dissertation 
A transmitting or receiving radio system includes always an antenna, but this 
antenna may be either a clearly separate, independent device or an integrated 
item with other radio electronics, or something between. Furthermore, an 
antenna may be an element antenna, an array of element antennas, or in case 
of reflector and lens antennas, a combination of an illuminating antenna and 
the main focusing element.  
In order to provide a desired illumination of the main focusing element, a 
quasi-optical system is needed. The versatility of the antenna concept as 
described above means that in order to be able to understand and design 
various antenna systems, a very versatile set of different characterization 
methods is needed. This dissertation discusses several of these methods, 
ranging from characterization of an element antenna and quasi-optical 
component to the measurement methods of large antenna systems.  
The contents of this dissertation are organized as follows: Chapter 2 and 
Chapter 3 are devoted to numerical investigation of MEMS-based HIS and 
reflectarray elements. Particularly, Chapter 2 is focused on the feasibility study 
of the beam steering and reflection phase properties of the MEMS-based 
tunable HIS. The stability of the optimized structure for the desired frequency 
is examined. Numerical and experimental analyses of the large impedance 
surface for different angle of incidence are presented. Chapter 3 is focused on 
the design and optimization of reflectarray elements using SU-8 as its 
dielectric substrate material. 
Chapter 4 is devoted to deal with certain limitations occurred during 
different antenna measurement processes (as mentioned in Section 1.1). 
Several new methods have been presented and discussed. 
Introduction 
 
22 
The summary of the publications describing the contributions of this 
dissertation is presented in Chapter 5. Chapter 6 presents conclusions and 
future work.  
1.3 Scientific Contributions 
The scientific merits of this dissertation are: 
 
1. The beam steering capacity of a large MEMS-based HIS has been 
numerically demonstrated with a simplified model at W band. The 
reflection properties of the MEMS-based HIS have been characterized 
numerically and a quasi-optical measurement setup has been built for 
the experimental characterization [I], [II].  
2. The design and optimization process of the reconfigurable reflectarray 
element with MEMS-based phase shifter at 120 GHz is studied [III]. 
3. A new technique using the Chebyshev polynomials has been proposed to 
process the antenna measurements obtained in non-anechoic sites to 
obtain equivalent free space radiation patterns [IV].  
4. A new antenna pattern retrieval method from reflection coefficient 
measurements with reflective loads has been proposed [V], [VI].  
5. A new technique has been presented to realize the wideband hologram 
compact antenna test range by linearly adjusting the feed location [VII]. 
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2. Characterization of MEMS-Based 
High-Impedance Surface 
The mushroom-type HIS was first introduced by Sievenpiper in 1999 [27]. It is 
a type of metallic electromagnetic structure with high effective surface 
impedance. Such surface is capable to suppress the propagating surface waves 
within a particular frequency range and reflect the incident plane waves with 
no phase reversal.  Conventionally, it is formed by a sheet of electrically small 
metal patches with or without vertical conducting vias connecting to metal 
ground plane and the size of each patch is much smaller than the wavelength 
of interest. 
The HIS structure and its variations have attracted a lot of interest since it 
was proposed, and they have been used in many applications. As an example, 
the HIS was used to serve as the finite ground plane instead of a traditional 
metal sheet to improve the antenna radiation pattern [28]. Another example is 
in portable handset communications where it serves as a shield between the 
antenna and the user to improve the antenna radiation efficiency and extend 
the battery life [29].  
This section is organized as follows. Section 2.1 introduces the beam steering 
applications of HIS and Section 2.2 presents the MEMS-based HIS for 
mm/submm-wave frequencies. The beam steering is demonstrated by 
simulation in Section 2.3. Section 2.4 presents the numerical and experimental 
studies of the reflection phase of the MEMS-based HIS. 
2.1 Beam Steering using High-Impedance Surface 
The mechanical beam steering application of HIS was introduced in [30], in 
which the reflected plane wave on the HIS was steered by adding a layer of 
adjustable plates overlapping the stationary ones and mechanically moving or 
tuning the layer position with respect to the surface to generate the needed 
reflection phase gradient. The electronic beam steering of HIS was elaborated 
in [31] and experimentally verified in [32] and then extended for two-
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dimensional (2D) beam steering for both polarizations [33] by introducing the 
reverse-biased varactor diodes connected between each adjacent pairs of the 
array on the surface. The effective capacitance between two neighbouring cells, 
and consequently the effective input impedance and resonance frequency 
could be changed by applying the bias voltage to the varactor diodes. Therefore, 
a gradient of the reflection phase was created by adjusting the bias voltage 
through the whole surface and the reflected beam was electronically steered 
with different combination of the bias voltages. The steered angular range at 
4.5 GHz from -40° to +40° at both polarizations was achieved with an average 
gain of 14 dBi and an average beamwidth of 15°.  
2.2 MEMS-based High-Impedance Surface 
As mentioned in Section 1.1, an EU FP7 project TUMESA was devoted to 
develop novel on-chip phase shifting and beam steering devices based on 
MEMS tunable HIS for automotive radar application in 79 GHz band. This 
section presents the relevant findings of the project. 
MEMS fabrication techniques have been developed since the 1970s for 
pressure and temperature sensors, etc. [2]. At millimeter and sub-millimeter 
wave frequencies, the MEMS elements have been demonstrated as a relatively 
mature technique due to its relatively small feature size and low losses 
compared to other conventional solutions. Artificial electromagnetic materials 
normally consist of a set of structural elements in an orderly arrangement [34], 
i.e. arrays, and they usually exhibit advantageous electromagnetic properties. 
From this point of view, a lattice of HIS is a particular case of artificial 
electromagnetic materials.  
Combining these features provided by the MEMS and the concept of artificial 
HIS structures, a novel MEMS-based tunable HIS was proposed in 2006 [35]. 
It was applied to a phase shifter at millimeter and sub-millimeter wavelengths, 
in which the proposed HIS was placed along the narrow walls of a rectangular 
metal waveguide to affect the propagation constant, and then consequently 
changed the phase of the propagating wave. Later the MEMS-based HIS was 
introduced in a rectangular metal waveguide to create a reflection type phase 
shifter [36], [37] and in a dielectric rod waveguide [38]. Figure 2.1 shows a 
schematic layout of a unit cell of the MEMS-based HIS for beam steering 
application [I]. The nominal design parameters are listed in Table 2. 1. 
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Figure 2.1 Top and side view of unit cell of the MEMS-based HIS [I]. 
Table 2. 1 Nominal design parameters shown in Figure 2.1 for beam steering applications. 
Parameters b g h W 
Value 350 μm 1.8 μm 110 μm 130 μm 
 
2.3 Beam Steering with MEMS-Based High-Impedance Surface 
The MEMS-based HIS is a multi-layer structure. It consists of an array of 
electrically small MEMS parallel-plate capacitors, in which the top plate is 
suspended by springs. The basic idea of the proposed variable capacitor is that 
application of a bias voltage between the membrane and the bottom plate of 
the MEMS varactor changes the distance between them, which in turn changes 
the effective capacitance of the whole structure affecting the resonance 
frequency of the HIS. It is also possible to introduce an actuation electrode 
whose thickness is smaller than that of the bottom plate (see Figure 2.2(a)). 
MEMS-based tunable HIS is a periodic array of unit cells with at least 5 x 5 
cells (see Figure 2.2(b) for 3x3 array).  
2.3.1 Equivalent Circuit and Surface Tunability 
The effective input impedance of the MEMS-based HIS can be interpreted as 
the parallel connection of the following three impedances [39]: 
¾ The capacitive grid impedance Zg due to the adjacent metal patches,  
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¾ The capacitive impedance Zpp due to the parallel-plate capacitor between 
the upper membrane and the lower patches, 
¾ The inductive impedance Zs due to the thin grounded dielectric layer.  
 
(a) 
 
(b) 
Figure 2.2 MEMS-based HIS: (a) unit cell (with actuation electrode); (b) example of a 3x3 
array (not to scale) [II]. 
For detailed interpretation of each impedance, see [I], [II]. Figure 2.3 shows 
the equivalent transmission line model which indicates that the total input 
impedance Ztot  equals to  
 
 Ztot = (Zs-1 + Zpp-1 + Zg-1)-1.  (2.1) 
 
This equivalent circuit can be used to calculate the reflection coefficient R of 
the incident electric field at the reflecting surface in terms of Ztot and Z0. 
 R = (Ztot – Z0) / (Ztot + Z0).  (2.2) 
 
 
Figure 2.3 Equivalent circuit model of the single unit cell structure [I], [II]. 
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The beam steering can be achieved by programming the gradient of the 
reflection phase as a function of the gap between the membrane and the lower 
patches, which influences the effective surface input impedance. 
HIS array is a periodic structure and its electromagnetic performance can be 
simulated with simplified single unit cell with appropriate boundary 
conditions. The tunability has been numerically studied with Ansoft HFSSTM 
full wave 3D simulation software, in which two electric boundaries are 
assigned on two opposing walls on x-y plane and two magnetic boundaries on 
y-z plane [I]. 
Figure 2.4 shows simulation results of the reflection phase of the MEMS 
tunable HIS for different values of the gap of the MEMS varactor. It indicates 
that, by varying the gap to certain values, the resonant frequency is tuned 
approximately from 70 GHz to 100 GHz. The maximum tuning range achieved 
at 80 GHz is shown in right-hand side of Figure 2.4. 
 
 
Figure 2.4 Reflection phase for single unit cell with 75 μm substrate thickness as a function of 
frequency and gap (structure with electrode), simulated [I]. 
2.3.2 Reflective Strip Beam Steering 
The MEMS tunable HIS can be used for electronic reflective beam steering by 
inducing reconfigurable surface impedance through application of different 
bias voltage to different rows of elements of the MEMS varactor array. Since 
full-wave simulation of electrically large reflective surface with electrically 
small features of MEMS varactors is computationally an extremely large 
problem, a simplified model of a surface with strips formed by 40 impedance 
elements of dimensions 0.35 x 0.35 mm2 is used (see Figure 2.5). Configuring 
the surface so that different strips have different impedances and different 
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phase of the reflection coefficient, the reflected beam can be steered by 
changing the gradient of the surface impedance.  
Theoretically, the reflection phase of the neighbouring strips can be chosen 
arbitrary taking into account 360° invariance. In the case of MEMS tunable 
HIS, the tuning range of the MEMS tunable HIS is restricted by the limited 
surface tunability which in turn limits the beam steering capability of the 
whole HIS array.  Figure 2.6 shows an example of the required reflection phase 
impedances with incident angle from 45° and reflective beam to be steered to 
0°. In order to model a planar array condition, 20 similar linear arrays with 0° 
phase shift are added in the z-direction. When a wave impinges to a flat 
surface obliquely, it will generate backward and forward reflected wave (see 
Figure 2.5) and these waves contribute to the side lobe level at particular 
angles.  
 
 
Figure 2.5 40 impedance elements in the open boundary conditions, normal and 45° off 
broadside incidence are excited to the surface [I]. 
 
 
Figure 2.6 The required reflection phase impedances with incident angle from 45° and 
reflective beam to be steered to 0° [I]. 
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Figure 2.7 shows a normalized radiation pattern of the steered beam desired 
for -30°. The steered angle of the main lobe agrees well with the programmed 
value, meanwhile, the side lobes still need to be optimized, i.e. the forward and 
backward reflections. The results for other incidence and steering angles are 
obtained in [I].  
 
Figure 2.7 The normalized radiation pattern at 80 GHz with incident angle of 45° for the 
surface which is programmed for -30° [I]. 
2.4 Reflection Phase Characterization of MEMS-Based HIS 
The reflection phase feature attracts the most interest of the special properties 
of the multilayer HIS structure. The reflection phase is defined as the phase of 
the reflected electric field monitored at the surface. In this section, we present 
the numerical analysis of the reflection properties of a MEMS-based HIS array 
(with actuation electrode and a frozen membrane) when changing the angle of 
incidence of the beam, and examine the stability of the optimized structure for 
the desired operational frequency band. In addition, a quasi-optical 
measurement setup is presented for measuring the reflection coefficient from 
different oblique angles of incidence with a network vector analyser.  
In order to characterize the reflection coefficient of the HIS illuminated by 
an obliquely incident plane wave, the full wave simulator (Ansoft HFSSTM) is 
used to construct the geometry of the unit cell and collect the reflection data. 
Periodic boundary conditions are applied to the unit cell structure in x- and y- 
directions to mimic an infinite array situation (see Figure 2.2(a)), and 
observation plane is positioned at 0.55λ80GHz above the ground. The periodic 
structure studied in this section is realized with silicon substrate with loss 
tangent of 0.015. The unit cell of the multi-layer HIS consists of two lower 
metal patches separated in E-field direction and of a metal upper membrane 
suspended by 2 μm above the patches with a spring structure. The width of the 
membrane along the E direction is 225 μm, the half-length of the lower patch 
Characterization of MEMS-Based High-Impedance Surface 
 
30 
is 78 μm, and the height of the silicon substrate is 110 μm; the parameters are 
optimized for operation at 84 GHz.  
The simulated reflection properties of the unit cell of the MEMS-based HIS 
for different angles of incidence are shown in Figure 2.8. The reflection phase 
of the unit cell surface varies continuously from about 140° to -150° versus 
frequency. Figure 2.9 shows the resonance frequency and the relative 
bandwidth versus the angle of incidence of the unit cell. Both are slightly 
increasing with the increase of θ, and most of the resonance frequencies lie 
within the desired 84 GHz band. This means that the angle of incidence has 
weak effects to the resonance frequency of the surface impedance. The 
bandwidth of the resonance is defined as the range where the reflection phase 
falls between 90° and -90°, meanwhile the relative bandwidth is the ratio 
between the bandwidth and the resonance frequencyο݂ ଴݂Τ . 
 
 
Figure 2.8 Simulated reflection properties of the unit cell of MEMS-based HIS for different 
angles of incidence: (a) phase; (b) amplitude [II]. 
 
 
Figure 2.9 Resonance frequency and the relative bandwidth versus angle of incidence [II]. 
Characterization of MEMS-Based High-Impedance Surface 
31 
2.4.1 Quasi-Optical Measurement Setup 
The manufactured HIS prototype is an array of 200 x 52 unit cells with a 
periodic length of 350 μm as shown in Figure 2.10. The HIS prototype has 
been manufactured by Royal Institute of Technology (KTH) Sweden. The extra 
electrode is introduced underneath the top membrane (see Figure 2.2 and 
Figure 2.10) and the resonance frequency is estimated to be at 84 GHz [7]. The 
structure is frozen, i.e. the MEMS membranes are not actuated during the 
measurements. 
 
 
Figure 2.10 Manufactured MEMS-based HIS: (a) optical image; (b) scanning electron 
microscopy (SEM) image [II]. 
A quasi-optical measurement setup has been built for measuring the 
reflection phase of the MEMS-based HIS array with three different angles of 
incidence. Figure 2.11 shows the schematic design of the setup and Figure 2.12 
shows the photograph of the measurement setup. Two standard horn antennas 
with a very narrow beam are mounted at test ports 1 and 2 and thus acting as 
the transmitting and receiving antennas. In addition, two parabolic reflectors 
are used to collimate and focus the transmitted waves. The HIS acts as a 
reflector and it is fixed on the rotator. The angle of incidence is defined by 
tuning the rotator. Meanwhile, a flat mirror is mounted on a carrier rail in 
order to position it properly with respect to the corresponding angle of 
incidence. With the proposed setup, for a chosen angle of incidence and a fixed 
polarization, the transmission coefficient of the HIS under test and the 
reference aluminium plate is recorded through two test ports by the HP8510 
(a) 
(b) 
Characterization of MEMS-Based High-Impedance Surface 
 
32 
vector network analyzer. Due to the facility restriction, only three oblique 
angles of incidence are chosen, they are 30°, 45°, and 60°. 
In order to calibrate the retrieved reflection phase properties, the Fourier 
transform analysis is needed to calculate the transmission path length. The 
nominal thickness of the HIS embedded in a holding pad is 1.47 mm and the 
thickness of the aluminum plate is 1 mm. The phase of the wave travelling in 
the above-mentioned path lengths should be calibrated out in order to restore 
the true reflection phase of the surface. 
 
 
Figure 2.11 Schematic design of the quasi-optical measurement setup [II].  
 
Figure 2.12 Photograph of the quasi-optical measurement setup, see [II] for the details of the 
HIS holder and chip. 
The normalized measured reflection amplitude of the MEMS-based HIS 
array is shown in Figure 2.13(a). The normalization is carried out by 
subtracting the amplitude of the measured reflection amplitude of the 
reference aluminum plate. Because of the restriction of the frequency range in 
the measurements (75-110 GHz in WR-10 band), it is not comparable to the 
Characterization of MEMS-Based High-Impedance Surface 
33 
whole frequency band of the simulation result. The 9th degree polynomial 
fitting is used to smooth the rapid variation of the amplitude response that is 
caused by multipath components. Figure 2.13 shows the comparison of the 
simulated and measured reflection coefficient of the MEMS-based HIS. The 
reflection amplitude shows a good agreement between measured and 
simulated results which indicate that the resonance frequency shifts with the 
angle of incidence. The difference of the range of the reflection phase is caused 
most probably by two reasons: the inaccuracy of the needed calibration length 
that is used to retrieve true phase response and the non-ideality (non-planarity 
of the surface due to the mechanical processing) of the aluminum plate that is 
used to calibrate out the phase response of the HIS.  
 
 
Figure 2.13 Measured reflection coefficient of the MEMS-based HIS: (a) amplitude; (b) phase 
[II]. 
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3. Design and Optimization of 
Reconfigurable Reflectarray Element 
3.1 Reconfigurable Reflectarray 
The concept of a reflectarray was first described and experimentally verified in 
1963 using square waveguide [40]. The reflectarray combines certain features 
and performance of the reflector and array antennas. In [40], the phase 
variation was achieved by introducing short-circuited termination into 
different depths of the waveguide sections to collimate waves from the feed 
antenna. The reflectarray has attracted more interest since the development of 
microstrip patch antennas in 1990’s [41], [42] due to its light weight, flatness 
and conformity. When the elements of reflectarray are dynamically controlled 
(herein refer to the phase shift), the radiation characteristics could be 
manipulated accordingly. There are many techniques enabling active 
reconfiguration of the phase shift of the reflectarrays, which depends on the 
maturity, performance, and desired frequency range. For the phase tuning, 
various elements were used, e.g. varactor diodes at 5.8 GHz [43] and in C-
band [44], MEMS switches at 12 GHz [45], p-i-n diodes at 60 GHz [46] and 
liquid crystal at 77 GHz [47]. 
A project focusing on silicon based MMID system for imaging, sensing and 
wireless communication applications was carried out between the Aalto 
University and VTT during 2010-2013 [4]-[6]. In this project, a system for 
MMID application was studied and especially 120 GHz reflectarrays and 
related methods for design, simulation, and measurement were studied. The 
research in this section provides an alternative solution to the design of 
reflectarray elements in which SU-8 is used as the dielectric substrate material.  
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3.2 Reflectarray Geometry Design 
3.2.1 Element Design 
The antenna element design of the reflectarray employs the principle of 
coplanar patch antenna (CPA) together with the conductor-backed coplanar 
waveguide (CB-CPW) technology [48], [49]. 
The proposed element has a 50 μm-thick layer of SU-8 photoresist as a 
substrate and two metallic layers on the opposite sides of the substrate. It is 
realized for a 2x2 mm2 sized cell and targeting the 120 GHz frequency. The 
element spacing is 0.8λ at 120 GHz, and the first grating lobe appears when 
the theoretical steered angle is 14.5°. However, the element spacing is seen 
adequate for the anticipated application [6]. A patch antenna is etched on the 
upper ground layer and a 50-Ω coplanar waveguide (CPW) feed line having a 
signal strip of width Wf and a gap of width Gf. The resonant frequency of the 
CB-CPA element is preliminarily determined by the length of the patch ܮ୮ 
being the half the guided wavelength λg (see Figure 3.1). When the center 
frequency is determined, the impedance matching can be realized by adjusting 
the width of the patch Wp. Figure 3.1 shows the proposed geometry of the 
conductor-backed coplanar patch antenna (CB-CPA) element without the 
phase shifter. 
 
 
Figure 3.1 The geometry of the CB-CPA element (not to scale, the salmon pink color and gray 
color represent the metal portion, and the yellow color presents the etched slots): 
(a) 3D view; (b) front view [III]. 
3.2.2 SU-8 Photoresist Measurement 
The dielectric properties of SU-8 at millimeter wavelengths are studied in few 
references, e.g., in [50]-[52]. There, the dielectric permittivity of SU-8 is 
reported to be 3.10-3.25 and its loss tangent 0.027-0.05. The substrate 
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material properties are sensitive to the particular lithographic fabrication 
process and may vary due to, e.g., the residual water absorbed in the material. 
The dielectric properties of the SU-8 substrate are characterized with on-wafer 
measurements and a test structure is fabricated on a silicon wafer with a 50-
μm layer of SU-8 on it. The coplanar lines are 10-mm long and their 
characteristic impedance is from 34 Ω to 52 Ω. Figure 3.2 depicts the test 
structure. The measured permittivity is 3.0 and loss tangent is 0.03 at 120 
GHz. For details of the SU-8 results see [III]. 
 
 
Figure 3.2 The ends of the fabricated CB-CPW lines. The gap of the lines increases from 5 μm 
to 40 μm from top down. The center conductor has width of 96 μm. Also the on-
wafer probe is seen in lower right corner of the figure [III]. 
3.2.3 Active MEMS Phase Shifter 
An electrostatically activated phase shifter with three capacitive shunt type 
MEMS switches on a CB-CPW line will be integrated into the antenna element 
(see Figure 3.3(a)). The phase shifter is a one-port reflection type device 
wherein the phase delay is doubled per unit length depending on the location 
of the switches. Switching is achieved by applying a DC voltage of ca. 30 V 
between the membrane and CPW line. The MEMS phase shifter provides four 
discrete phase states by activating only one of three switches at a time. 
Practically, the phase shifter is coupled to the free space only through the 
antenna. See [III] for detail descriptions of the phase shifter. 
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Figure 3.3 The HFSS model for a reflectarray element: (a) MEMS-based phase shifter; (b) The 
geometry and Floquet-port excitation, E-direction is along y-axis [III]. 
3.3 Reflectarray Performance Evaluation 
The performance of the element is numerically analyzed in an array 
environment at the frequency of interest. In the simulation environment, the 
unit cell structure integrated with MEMS-based phase shifter is placed into the 
computational domain and periodic boundary conditions are used to simulate 
the infinite array of similar elements in two directions (x- and y-directions). A 
Floquet port is excited at 1.25 mm above the antenna element and de-
embedded on the element surface (see Figure 3.3(b)). A parametric function 
consisting four discrete states is added to the simulation. Only one polarization 
is considered and E-direction is along y-axis. 
The modulation efficiency of the reflectarray element is defined as: 
 
 ߟ௠ ൌ
ȁܧ௠ȁଶ
ȁܧ௠ȁଶ ൅ ȁܧ଴ȁଶ  (3.1) 
 
where ȁܧ௠ȁଶ is the power density of the field reflected from the phase shifter 
and ȁܧ୫ȁଶ ൅ ȁܧ଴ȁଶ is the total reflected power density [4]. The modulation 
efficiency is calculated from the full-wave simulation result of reflectarray 
element and this could be affected by several design parameters, i.e.:  
A. Effect of the patch width Wp (impedance matching), 
B. Effect of the length of CPW feed line Lf between antenna patch and MEMS 
phase shifter, 
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C. Effect of the element spacing W.  
The efficiency studies are carried out using the three above-mentioned 
design parameters shown in Table 3.1. When one design parameter is studied, 
other parameters are kept unchanged as nominal, unless mentioned otherwise.  
Table 3.1 Nominal design parameters and geometric dimensions of the array element [III]. 
W L f W p L p
2000 μm 500 μm 1150 μm 630 μm
W f G G f
70 μm 70 μm 15 μm
 
 
Figure 3.4 illustrates the constellation diagram produced by the antenna 
element in the bore-sight direction with four different Wp lengths for four 
discrete phase shifts. The markers which evenly distribute on the fitted circle 
represent four discrete phase states. The origin of the fitted circle represents 
the specular reflection of the electric field E0 and the radius of the fitted circle 
represents the absolute value of the modulated field Em. The array modulation 
efficiency is also presented in Figure 3.4 according to the calculation using Eq. 
(3.1). More results and discussion regarding the performance affected by other 
parameters can be seen in [III]. 
 
 
Figure 3.4 Simulated S11-parameter with four discrete switching states with four different 
patch widths Wp at 120 GHz [III]. 
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4. Development of Methods for Antenna 
Measurement 
Antenna measurement refers to the experimental verification of the AUT 
specifications and parameters. Typical parameters of antennas include 
radiation pattern, directivity, polarization, gain, phase, etc.  Research in 
antenna measurement field include a wide range topics which comprises of 
antenna measurement in non-anechoic environments, frequency versus time-
domain analysis, near-field to far-field transformation, compact antenna test 
range, etc.  
The most common and conventional method is the far-field antenna 
measurement where the AUT is placed in the far-field range of the reference 
antenna. The transmission between the AUT and the reference antenna is then 
recorded at different rotations of the AUT. Due to the requirement for testing a 
large antenna in a relatively small space, the near-field method was developed. 
In the near-field measurement technique, the near-field of the AUT is sampled 
spatially with a suitable probe antenna moving over the measurement surface. 
The measured near-field distribution is then used to calculate the antenna far-
field radiation properties [53]. Another common method is the compact 
antenna test range (CATR) for accurate measurements of electrically large 
antennas at millimeter and submillimeter wavelengths. The CATR uses a 
collimating element to transform a spherical wavefront into a plane wave. In 
principle, any antenna could be successfully measured by the aforementioned 
method with proper implementation. However, the options of choosing one 
method over the other depend on the surrounding environment, facility cost, 
and the electrical dimensions of the AUT, etc. Furthermore, each 
measurement technique has certain advantages and limitations.  
The research described in this section deals with certain limitations occurred 
during the antenna measurement processes (see Section 1.1). In Section 4.1, a 
new technique is proposed to process the antenna far-field measurements 
obtained in non-anechoic sites to obtain equivalent free space radiation 
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patterns. In Section 4.2, a new method is proposed to retrieve the antenna 
radiation pattern from reflection coefficient measurements avoiding AUT 
movement and connecting cables.  In Section 4.3, a new technique is presented 
to realize a wideband hologram CATR.  
4.1 Generation of Radiation Pattern from Non-Anechoic 
Measurements 
Conventional antenna measurements are carried out in anechoic chambers. 
The purpose of employing an anechoic chamber is to eliminate the reflected 
field components emanating from the measurement enclosures so that the 
measured radiation pattern corresponds to that in free space conditions. 
Recently, signal-processing methods have been employed to further improve 
the quality of the data measured in moderately good anechoic conditions [15]-
[17]. However due to practical and monetary constraints it is not always 
possible to emulate a perfect anechoic environment. The failure of the 
chamber to provide a purely free space environment affects the measurement 
accuracy. The objective then is to study methods that may eliminate the 
undesired reflections measured in non-anechoic conditions through further 
processing of the measured data. This is generally completed by time gating 
method, which transforms the frequency domain response into time domain 
data and filter out the delayed time pulses which are caused by multi-path 
interferences [54], [55]. A traditional FFT (Fast Fourier Transform)-based 
method has been investigated to be very efficient for removing undesired 
signals [56]. Some other techniques may also be applied [57]-[61], e.g. instead 
of the Fourier transform, matrix-pencil method is utilized for obtaining the 
time response of the measured frequency domain data [57], [58] and for 
radiation pattern error corrections [59]. An oversampled Gabor transform is 
utilized to identify and remove the reflected signals on the ground from the 
measured frequency response [17]. Such aforementioned procedures would 
make antenna measurements much easier and more cost-effective.    
This section is organized as follows. The measurement scheme and 
procedure are presented in Section 4.1.1. In Section 4.1.2 the traditional FFT-
based method to eliminate the unwanted reflection is introduced. Section 4.1.3 
presents the proposed method using Chebyshev polynomial. 
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4.1.1 Description of the Measurement Scheme 
All the measurements presented in this research have been obtained using a 
far-field measurement system housed in an anechoic chamber of dimensions 
10×7.5×8.5 m3. A simplified scheme of the whole measurement system is 
shown in Figure 4.1. The probe and the AUT are separated by a distance dp, 
and a metal plate is placed in a parallel separation dm from the AUT/probe to 
model a non-anechoic reverberant chamber. Here, we use a single antenna for 
both transmitter and receiver but instead of carrying out measurements at a 
single frequency, we use a band of frequencies to carry out the measurements. 
This band of frequencies at which the characteristics are to be measured, 
should be quite narrow and one should ensure that the antenna characteristics 
do not change over this band. The objective for performing measurements in a 
finite frequency band is to transform this finite bandwidth frequency domain 
data to the time domain where the various undesired reflections can be 
eliminated through time gating.  
The measurement campaign was carried out in the frequency domain, 
measuring the S21(f) H-plane parameter of the two horn transmit-receive 
system in the band of interest for each azimuth angle I from −90° to 90° at 
step of 1°. The FFT-based method relates the time domain and frequency 
domain. The time delay (TD) is defined as the time between the arrivals of the 
direct and reflected signals. Therefore, to better distinguish the main 
contribution from the AUT and the diffraction from the reflector, the 
minimum bandwidth (BW) should be determined as BW=1/TD. In this 
research, the bandwidth of 0.6 GHz, ranging from 3.05 GHz to 3.65 GHz was 
used in the measurement. The center frequency is 3.35 GHz. 
 
 
Figure 4.1 A top view of the antenna measurement system. 
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4.1.2 FFT-Based Method 
The traditional methods achieve the reduction of the reflected and diffracted 
fields using the FFT-based method, which describes the impulse response of 
the reverberant chamber from its frequency response by using the inverse 
Fourier transform [56]. In the time domain, the direct contribution from the 
transmitter to the receiver is detected and gated, eliminating the undesired 
echoes through the use of low-pass filters. Applying the Fourier transform to 
this new gated time domain response provides only the direct contribution and 
thus the radiation pattern can be retrieved at the frequency of interest. Here, 
the various steps of the FFT-based method are summarized as follows and the 
result reconstruction is shown in Figure 4.2 (detailed procedure and results 
can be seen in [IV]): 
1) Measure the coherent (amplitude/phase) frequency response covering the 
bandwidth from 3.05 GHz to 3.65 GHz. 
2) Apply the inverse FFT to S21(f,I) to obtain the temporal response S21(t,I).  
3) Once in the time domain, the direct contribution between the transmitting 
and the receiving antenna is approximately retained and the unwanted 
signals can be gated by truncating the waveform beyond a time based on 
the shortest path from the AUT to the probe in the presence of the 
reflector: 
 
  2 22 2t d d c p m   (4.1) 
 
for the current measurement setup, the parameters are dp = 7.7 m, dm = 2 
m, and c is the velocity of light (3ൈ108). Therefore, t = 28.92 ns. 
4) Transforming the truncated data to the frequency domain by applying the 
FFT one obtains the processed frequency domain S21’(f,I) response. 
One can observe that most of the reflection and diffracted fields in the 
azimuth angle range of −20°…−60° are reduced. However, one of the 
problems is that the quality of the results depends on the available bandwidth 
of the measurement. For this reason, we introduce a new method in the next 
section.  
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Figure 4.2 Result of the reconstruction using the FFT-based method: (a) pattern; (b) phase 
[IV]. 
4.1.3 Chebyshev Polynomial Method 
It has been observed in earlier studies [62]-[64] that when scaled versions of 
the Bessel functions are used to approximate any causal time domain data, the 
frequency domain response can be fitted by the analytical transforms of the 
scaled Bessel functions (Chebyshev polynomials of the first and second kinds 
[65], [66]). The numerical value of the coefficients obtained by fitting the 
frequency domain data by the various orders of Chebyshev polynomials of the 
first and second kinds follow the trend of the time domain waveforms, even 
though the time domain waveforms are being approximated by scaled Bessel 
functions [62]-[64]. Therefore, the plot of the coefficients multiplying the 
scaled Bessel functions of the first kind will be able to distinguish between the 
various reflections and will help one to accomplish the separation between the 
direct wave and the various reflections present in a non-anechoic 
measurement. 
In this new procedure, one starts with the measured data S21(f,I) as 
described in Section 4.1.1. The measurements are performed for different 
azimuth angles ߶௜ . For each azimuth angle, a set of data for different 
frequencies from f1 to fM2 are measured simultaneously (marked as 
X(f1)…X(fM2)). Correspondingly, a set of different coefficients ܽ௡ for different 
angles can be obtained by solving the matrix of Eq. (4.2) through the 
application of the conjugate gradient method (CGM) [67], where ܯଶ the 
number of frequency domain data, N-1 is is the number of the maximum 
degree in the polynomials. ߮௡ሺ݂ǡ ݈ଶሻ in Eq. (4.2) is represented in Eq. (4.3), l2 is 
the frequency scaling factor and is chosen to be slightly larger than the 
maximum bandwidth of the available measurement data. Tn and Un-1 are 
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Chebyshev polynomials of the first and second kind. See [IV], [66] for detailed 
interpretation of Eqs. (4.2) and (4.3). 
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For the FFT-based method, truncation is made in the time domain to 
eliminate the reflection and diffraction of the fields to be measured. In this 
new approach, the truncation is made to the Chebyshev series. We truncate the 
series when the scaled Bessel function of a certain order peaks at the time at 
which we would like to truncate the temporal function to prevent reflections or 
other secondary fields creeping in. For the detailed procedure, see [IV]. The 
result of the reconstruction is shown in Figure 4.3. When using the Chebyshev 
polynomial to fit the measured data and then truncating the series, the 
corresponding mean squared error between the reference antenna pattern and 
the reconstructed one is approximately 0.066 when the observation angle is 
limited from −90° to 0° and is 0.057 when the complete set of azimuth angle is 
considered from  −90° to 90°. The mean squared error between the reference 
and the reconstructed results using different methods are summarized in 
Table 4.1. Hence, it appears that at least for this data set, the present method is 
more robust. By comparing Figure 4.2(b) to Figure 4.3(b), it is seen that the 
proposed method provides a more realistic phase response for the AUT.  
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Figure 4.3 Result of the reconstruction using Chebyshev Polynomials: (a) pattern; (b) phase 
[IV]. 
 
Table 4.1 The norm of the mean squared error between the free space results and the data 
processed using different methods [IV]. 
Azimuthal 
Bandwidth: 0.6 GHz 
Angular Range 
FFT Chebyshev 
−90°… 0° 0.186 0.066 
−90°… 90° 0.148 0.057 
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4.2 Antenna Pattern Retrieval from Reflection Coefficients 
The antenna pattern is measured in the far-field or near-field, or in a compact 
antenna test range (as described in the background of Section 1.1). There are 
certain limitations to the aforementioned methods. In any method, the 
antennas are connected to the measurement equipment with cables that, when 
moved or rotated, easily change their properties. Several techniques for 
measuring the phase errors caused by flexing cables are discussed in [68]. At 
high frequencies, even a small relative change in the geometry of dimensions 
of the cable may cause a huge phase change to the transmitted signal, because 
the cable can be electrically very long. Although the error compensation 
techniques have been introduced [69], the measurement errors due to bending 
cables may be significant especially in the planar near-field scanning at high 
frequencies.  
Some antennas, such as RFID (radio-frequency identification) antennas, are 
typically attached directly to an RFID chip and there is no possibility for a 
cable connection. Then, the antenna radar cross section (RCS) measurement 
technique can be used to characterize the antenna [70]-[73]. This method 
avoids the problems related to flexing cables, but it requires a potentially large 
far-field antenna range. Small millimeter wave antennas are often integrated 
on chip and traditional antenna measurement techniques have limitations in 
measurements on a probe station. The conventional methods are based on 
spherical measurement requiring complex mechanical arms for the probe 
antenna movements around the AUT [74]-[82]. The near-field wire-scattering 
method presented in [83]  may not need the rotating cables but is capable to 
solve only one pattern cut. 
In this section, a new antenna radiation pattern retrieval method using 
reflection coefficients results is proposed. It avoids flexing cables and AUT 
movements during the measurement procedure. Section 4.2.1 presents the 
equations relating the properties of the reflective load to the measured 
reflection coefficient. Section 4.2.2 presents the simulation and experimental 
setup for the verification. The 1D and 2D antenna patterns solved from 
reflection coefficients are presented in Section 4.2.3. 
4.2.1 Reflection Coefficients and Antenna Aperture Field 
In this method, the reflection coefficient of an antenna is measured when the 
antenna is placed close to a reflecting surface, whose reflection properties vary 
spatially in a known way. The measurement is repeated with different 
reflective surfaces, for example moving the reflective surface over the antenna 
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between each measurement. After an adequate amount of information is 
gathered, the near-field distribution of the antenna is solved from the 
measured reflection coefficients and the known reflector properties. Figure 4.4 
shows the schematic layout of the pattern retrieval process. 
The reflection coefficient is related to the properties of the reflective load by 
using the plane wave spectrum method and can be calculated as 
 
    
   
   
AUT
11,aperture *
AUT AUT
, , 0 , , 0
, , 0 , , 0
S
S
E x y z E x y z dxdy
S
E x y z E x y z dxdy
*      
³³
³³             (4.4) 
   
     2 11 11,static 11,aperturedjS S e ST D                           (4.5) 
 
where * denotes the complex conjugate. For convenience, the symbols used in 
the equations and figures are summarized with their descriptions in Table 4.2. 
Particularly, the reflection coefficient contains a constant term S11, static due to 
the impedance mismatch between the antenna and the generator, and due to 
environmental reflections. This term is assumed independent of the varying 
reflective load. For a detailed explanation and derivation of the equations, see 
[V], [VI].  
 
 
 
Figure 4.4 Layout of the proposed antenna pattern retrieval method [V], [VI]. 
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Table 4.2 Symbols and descriptions [VI]. 
Symbol Description 
EAUT(x, y, z) electrical aperture field distribution at the plane z 
EΓ(x, y, z) field reflected from the reflective surface at the plane z 
z0 offset distance 
S aperture surface 
S11,aperture reflection coefficient referenced to the aperture plane of a lossless and perfectly matched antenna 
S11 reflection coefficient referenced to the antenna feed 
θd, α the phase delay and the attenuation constant between the antenna feed and aperture plane 
S11,n the nth simulated reflection coefficient 
Ainitial, θinitial initial guess of the amplitude and phase 
A, B aperture dimensions of the horn antenna 
4.2.2 Simulations and Experiments 
The proposed method is tested experimentally and by simulations using a Ka-
band pyramidal horn antenna operating at 30 GHz as the AUT. The simulation 
setup is shown in Figure 4.5. The PEC strip is placed vertically in parallel to 
the antenna aperture, moved along x-direction, additionally, for 2D simulation, 
after the first movement, the strip is placed horizontally and moved along y-
direction, see [V] for details. The reflection coefficients are recorded at each 
discrete position of the strip. It is important to select the distance z0 and Dmove 
such that the evanescent modes generated by the AUT are weak enough at the 
reflective plane and the reflection from the reflective plane is strong enough to 
be detected by the AUT.   
 
Figure 4.5 Simulation setup, see [V] for the details of the pyramidal horn dimensions and 
photograph of the corresponding experimental setup (not to scale). 
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4.2.3 Solving the Antenna Aperture Field 
After the adequate number of reflection coefficients are gathered, the antenna 
aperture field EAUT is determined by finding the minimum of the least-squares 
fitting in Eq. (4.6), which is solved iteratively using the quasi-Newton method 
starting from the initial guess for the aperture near-field given as Eq. (4.7). 
Figure 4.6 shows the comparison of the reconstructed, simulated and 
measured normalized radiation patterns at 30 GHz. Normally we choose 
values with uniform amplitude and phase and normalize this electric field 
distribution to unity, hence, Ainitial = 1, θinitial = 1.  
 
  AUT, 2211,aperture AUT 11,static 11,min , ,E n nn S E x y e S SD D'  *  ¦    (4.6) 
 
   initialAUT   when  and , , 0 2 2
0                           elsewhere
j
initial
A BA e x y
E x y z
T­  ° ®°¯
    (4.7) 
 
where θd is omitted because the phase delay term is embedded into the 
unknown complex aperture field. In addition, the field can be spatially limited 
according to the physical aperture of the antenna and full reflection is assumed 
from the reflective surface and zero reflection elsewhere. 
For 2D determination, we assume that the near-field distribution is 
separable, i.e. the total field can be represented as a product of field 
distribution in two orthogonal directions. Two sets of measurement are 
performed in horizontal direction and vertical direction respectively. 
According to the method introduced in [V], the aperture field distributions of 
two orthogonal directions are solved separately. The 2D aperture field is then 
calculated accordingly [VI]. Figure 4.7 shows the comparison of the contour 
plot of the antenna far-field pattern at 30 GHz. The grey color and dashed-line 
rectangular in Figure 4.6 and 4.7 are the valid angular regions defined from 
the measurement setup [V], [VI]. 
These results show that the proposed method is suitable for characterizing 
certain types of antennas without a need for a traditional two-way 
measurement. The measurement accuracy provided already by these initial 
results seems adequate for certain purposes. There may be also a possibility to 
extend this method to characterize small antennas on a probe station. 
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Figure 4.6 Normalized far-field pattern at 30 GHz [V]. 
 
 
Figure 4.7 Normalized 2D far-field pattern at 30 GHz: (a) simulated; (b) reconstructed with 
simulated reflection coefficient [VI]. The dashed-line rectangular represents the 
valid angular region.  
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4.3 Realization of Wideband Hologram Compact Antenna Test 
Range  
A CATR transforms a spherical wave into a plane wave in a very short distance 
(compared to the generally known far-field limit of 2D2/O) using a collimating 
element, which can be a reflector [84], a lens [85], [86], or a hologram [90]. 
For a reflector, the surface accuracy is typically required to be better than 0.01 
O and even 0.007 O for a large reflector [87], [88]. E.g., at 1 THz one hundredth 
of the wavelength is 3 μm, which may be too stringent to be manufactured in 
large scale. The hologram-based CATR (HCATR) was developed to produce a 
plane wave for antenna measurement at mm/submm-wave frequency [89], 
[90]. There are several types of hologram, e.g. a reflection-type amplitude 
hologram [91], a transmission-type phase hologram [92] and a reflection-type 
phase hologram [93]. As a transmission-type element, the accuracy becomes 
considerably less stringent than for a reflector [26]. Manufacturing of a 
hologram is easier than that of a reflector surface because of the two-
dimensional planar structure. Consequently, the HCATR is very attractive for 
antenna measurement at mm/submm-wave bands. E.g., the antenna pattern 
measurement of Odin-telescope at 119 GHz was reported in [18]. A large 
HCATR was constructed and tested at 322 GHz [21], [22]. A 1.5-m reflector 
antenna (Admirals RTO) was tested in a HCATR at 650 GHz [23], [25]. 
However, as a frequency sensitive element, the operating bandwidth is usually 
limited to around r 5%-10% [26].  
In this section, we present a technique to overcome the limitation of the 
narrow bandwidth. The feed location needs to be adjusted on the axis for 
compensating the wavefront phase curve of the feed according to the Fresnel 
approximation. Particularly, Section 4.3.1 shows the derivation process of the 
wideband HCATR formulas. In Section 4.3.2 the experimental setup and 
performance are presented to verify the technique. 
4.3.1 Derivation of Wideband Formulas 
For a transmittance hologram, the interference pattern varies with the path 
difference between the feed and the plane wave field as: 
 
 2 2 2( , ) sin cc x y x y F x T      (4.8) 
 
Development of Methods for Antenna Measurement 
 
54 
where point (x, y) is located in the hologram, F denotes the focal length and θc 
indicates the direction of plane wave propagation. When F >> |x| and F >> |y|, 
the square root can be approximated as the second order Taylor series: 
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For the given wavelength O, if the focal ratio (F/DH) is large enough [VII], the 
phase can be approximated as the first order Taylor series as: 
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where DH is the diameter of the hologram. When the wavelength is scaled 
down by M and the feed is moved further away to the distance MF, the 
equation would be: 
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The second term in both Eqs. (4.9) and (4.10) is the same for producing a 
plane wave. The first term is independent of (x, y) with respect to the 
hologram collimation. The last term implies the new direction of the plane 
wave propagation. Therefore, the feeding location and plane wave direction for 
a new frequency can be formulated as follows: 
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A wideband HCATR can be realized with the same aperture only by linearly 
adjusting the feeding location on the axis. Figure 4.8 illustrates the layout of 
the proposed adjusting procedure. 
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Figure 4.8 Layout of the proposed wideband HCATR [VII]. 
 
4.3.2 Experimental Verification and Performance 
An experimental wideband HCATR has been designed and built for the 
verification of the proposed method. The hologram is quantized into the 
binary code for fabrication and the size is 350 mm u 350 mm (detailed 
description in [VII]). An optimized weighting is utilized to the hologram to 
achieve desired relative flat amplitude and phase distribution [VII], [90].  
The experimental measurement setup for tests at 95 GHz and 170 GHz is 
shown in Figure 4.9. For 95 GHz, the off-axis angle is θc = 39.5° and the 
distance between the hologram and the quiet-zone d = 1050 mm. The 
corrugated horn is placed at F = 1432 mm from the hologram along its normal 
direction. For 170 GHz, the parameters are θ’c = 39.5° and F’ = 2562 mm. 
More details are presented in [VII]. 
The performance is evaluated by the peak-to-peak (PP) deviation from the 
flat amplitude and phase response in the quiet-zone. Figure 4.10 shows the 
measured co-polarized field for horizontal polarization in horizontal line at 95 
GHz and 170 GHz respectively. The amplitude is normalized to the maximum. 
The measured result of the co-polarized quiet-zone fields are summarized in 
Table 4.3 (H denotes the horizontal polarization and V denotes the vertical 
polarization). For results and discussion of other polarization and cut, see 
[VII].  
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Figure 4.9 The setup of the HCATR for the measurements (top), open-ended waveguide probe 
(bottom left), the hologram (bottom middle), and the D-band corrugated horn as 
the CATR feed (bottom right) [VII]. 
 
Figure 4.10 The measured quiet-zone field with horizontal polarization in the horizontal line 
(y = 0, step = 1.0 mm at 95 GHz, and 0.8 mm at 170 GHz in the scanning x-axis): 
(a) amplitude; (b) phase [VII]. 
Table 4.3 The measured quiet-zone quality of the wideband hologram CATR: PP deviations 
from the planar field (amplitude in dB, phase in degrees) [VII]. 
Frequency 
PP value in horizontal line PP value in vertical line 
H 
polarization 
V 
polarization 
H 
polarization 
V 
polarization 
(GHz) 
Amp. Pha. Amp. Pha. Amp. Pha. Amp. Pha. 
85 1.6 18.2 2.4 22.8 1.4 13.2 1.1 11.6 
95 1.7 10.8 1.9 16.4 1.7 12.8 1.5 8.8 
170 1.9 20 2.1 22.6 2.1 11.4 1.5 9 
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5. Summary of the Publications 
I. “Millimeter wave beam steering with a MEMS-based high 
impedance surface” 
Beam steering with a MEMS-based high impedance surface has been studied 
in W band. The steering mechanism is based on the principle of a phase 
gradient array. Reflection phase properties of a single unit cell structure are 
analyzed. Radiation pattern of a strip consisting of elements with different 
impedance is analyzed numerically for two beams of normal and oblique 
incidence. The steering range is achieved from -45° to 45° with respect to the 
normal direction. 
II. “Reflection phase characterization of the MEMS-based high 
impedance surface” 
The reflection properties of the MEMS-based HIS illuminated from oblique 
angles of incidence have been characterized numerically, and a quasi-optical 
measurement setup has been built for experimental characterization. The 
resonance frequency and the relative bandwidth are slightly increasing with 
the increase of the angle of incidence. The comparison between the simulated 
and measured results is discussed. 
III. “Design and optimization of reconfigurable reflectarray 
element with MEMS phase shifter” 
The design and optimization process of reconfigurable reflectarray element 
with MEMS-based phase shifter at 120 GHz is presented. The dielectric 
properties of SU-8 substrate are characterized with on-wafer measurements. 
Several design parameters which affect the element efficiency are studied. 
Through proper design and optimization of the array element the reasonable 
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element efficiency can be achieved by utilizing SU-8 photoresist as its 
substrate. 
IV. “Generation of free space radiation patterns from non-anechoic 
measurements using Chebyshev polynomials” 
Generally, antenna radiation patterns are measured in an anechoic condition 
so that the presence of undesired reflections does not skew the final 
measurements. The objective of this paper is to search for methods which can 
extract meaningful approximate results from non-anechoic measurements. 
The Chebyshev polynomials are used to process the data collected under non-
anechoic environment and to generate a radiation pattern equivalent to that in 
free space conditions. The problem with this method is that some a priori 
information is required about the environment. Measured data has been used 
to illustrate the applicability of this new method and its improved performance 
over the FFT-based methods. 
V. “Antenna pattern retrieval from reflection coefficient 
measurements with reflective loads” 
This paper presents a new method for antenna pattern retrieval from 
reflection coefficient measurements. A reflective load with known reflective 
properties is placed close to the aperture of the antenna under test. The 
reflection coefficient at the antenna feed is measured with multiple different 
reflective loads. The antenna pattern is then solved from the measurements 
with an inversion method. This paper derives and verifies the analytical 
foundations needed to implement the method, and demonstrates the method 
both by simulations and experiments for a pyramidal horn antenna at 30 GHz. 
VI. “2D antenna radiation pattern retrieval using reflection 
coefficient measurement” 
This paper reviews the antenna radiation pattern retrieval method using 
reflection coefficient measurement developed in [V], and extension for two-
dimensional apertures is proposed. This is achieved sweeping a PEC strip in 
front of the antenna aperture in two orthogonal directions instead of 
previously used one direction. The method has been demonstrated by 
simulation for a pyramidal horn antenna at 30 GHz. 
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VII. “Realization of wideband hologram compact antenna test 
range by linearly adjusting the feed location” 
This paper describes a wideband hologram-based CATR: which can be realized 
by linearly adjusting the feed location. The position needs to be adjusted for 
approximately compensating the wave front curve of the feed, which is 
proportional to the operating frequency. The theory can be conformed under 
the paraxial condition. For the acceptable quiet-zone field quality over a wide 
band, the large focal ratio is required. The idea is verified and the wideband 
performance of the quiet-zone is studied with the simulated and measured 
results at W band (95 GHz) and D band (170 GHz). 
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6. Conclusions and Future Work 
This dissertation contributes to the development of methods for antenna 
measurement, and numerical and experimental characterization of quasi-
optical components, i.e. MEMS-based HIS and reflectarray element. 
The reflection properties of the single unit cell structure of MEMS-based HIS 
was studied, tunability of the MEMS varactors and beam steering of a large 
structure at 80 GHz has been demonstrated with a simplified model [I]. The 
reflection phase across the surface can be programmed to produce a phase 
gradient, which allows steering the reflected beam within the range from -45º 
to +45°. A quasi-optical measurement setup has been built for the 
experimental characterization [II]. Future work would be addressed to 
development of the fabrication process for a reliable actuation of the large 
array of the MEMS varactors.  
The design and optimization process of the reconfigurable reflectarray 
element integrated with MEMS-based phase shifter at 120 GHz has been 
studied [III]. Also, the dielectric properties of SU-8 substrate have been 
characterized with on-wafer measurements. Several design parameters which 
could affect the modulation efficiency have been studied. The element spacing 
(size of the side ground plane) has very significant influence to the modulation 
efficiency. Through proper design and optimization of the array element, 
reasonable modulation efficiency could be achieved by utilizing SU-8 
photoresist as its substrate.  
Several new methods have been proposed to deal with certain limitations 
during antenna measurements. Particularly, a new technique using the 
Chebyshev polynomials has been proposed to process the antenna 
measurements obtained in non-anechoic sites to obtain equivalent free space 
radiation patterns in [IV]. This new technique combines the principle of a 
FFT-based method with the special relationship between coefficients of the 
Bessel-Chebyshev polynomials. The assumption of this technique is that the 
minimum distance from the transmitter to the receiver through the reflector is 
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known. If the antenna radiation pattern is complicated and has many large 
sidelobes, it would be very difficult to recover all the signals. Also the 
performance of the proposed method depends on how well the scaling factor is 
chosen. Sample experimental result is presented to demonstrate the potential 
of this approach over conventional time gating techniques for a certain class of 
problems. Future research interest would be how to find an automated way to 
truncate the series of the coefficients based on the measured data and not on 
the a priori knowledge of the environment.   
In [V] and [VI], a new antenna pattern retrieval method is proposed. In this 
method, the antenna reflection coefficient is measured multiple times when a 
unique reflective load with known spatial reflection properties is placed near 
the antenna in each measurement. The antenna pattern is obtained from the 
measurements with an inversion algorithm. The analytical equations for 
equating the antenna reflection coefficient to the near-field load of the antenna 
have been presented. Simulations have been used to verify the theoretical basis 
and the method has been experimentally demonstrated at 30 GHz. The results 
show that the method could enable sufficient accuracy with low gain antennas 
or in the vicinity of main lobe with directive antennas. This method requires 
optimization, and the typical time to retrieve the field depends on the selected 
cost function and optimization algorithm. Therefore, future research interests 
include: improve the inversion method, optimize the reflective surface, study 
the influence of the initial guess to the retrieved field, and extend the current 
method to a probe station to measure an integrated antenna.  
In [VII], a new method for a wideband operation of the hologram-based 
CATR has been presented. The wideband formulas for linearly adjusting the 
feed have been discussed and verified. The performance of the wideband 
operation has been demonstrated by measurements at W (95 GHz) and D (170 
GHz) bands with the hologram aperture diameter of 350 mm. When the 
bandwidth is increased, the direction of the plane wave propagation is varied 
more. The direct beam starts to disturb the desired planar wavefront at the 
higher end of the frequency band, while at the lower end the quiet-zone size is 
getting smaller. Future research would be addressed to study the possible 
bandwidth limit and minimum of hologram configurations required for the 
proposed technique.  
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Errata 
Publication III 
In the second paragraph of sub-section III. A, p. 2425, it should read 
“…calculated from equation (5)” 
Publication IV 
The unit of the colorbar in Fig. 4(a) and Fig. 6 should be “dB/10” 
Eq. (5) should be 
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The dissertation presents three new 
methods to deal with certain limitations 
occurred during the antenna measurement 
processes. First, a new technique using the 
Chebyshev polynomials has been proposed 
to process the antenna measurements 
obtained in non-anechoic sites to obtain 
equivalent free space radiation patterns. 
Second, a new antenna pattern retrieval 
method from reﬂection coefﬁcient 
measurements is proposed. Third, a new 
technique is presented to realize a wideband 
hologram compact antenna test range by 
linearly adjusting the feed location. 
The dissertation also discusses 
characterization of quasi-optics, i.e. MEMS-
based high-impedance surface (HIS) and 
reﬂectarray elements. First, the reﬂection 
properties of the unit cell structure of 
MEMS-based HIS is studied, and beam 
steering of a large structure at 80 GHz has 
been demonstrated with a simpliﬁed model. 
Second, the design and optimization process 
of reconﬁgurable reﬂectarray element 
integrated with MEMS-based phase shifter 
at 120 GHz is studied. 
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